DNA hypermethylation of Fgf16 and Tbx22 associated with cleft palate during palatal fusion Objective: Cleft palate (CP) is a congenital birth defect caused by the failure of palatal fusion. Little is known about the potential role of DNA methylation in the pathogenesis of CP. This study aimed to explore the potential role of DNA methylation in the mechanism of CP. Methodology: We established an all-trans retinoic acid (ATRA)-induced CP model in C57BL/6J mice and used methylation-dependent restriction enzymes (MethylRAD, FspEI) combined with high-throughput sequencing (HiSeq X Ten) to compare genome-wide DNA methylation profiles of embryonic mouse palatal tissues, between embryos from ATRA-treated vs. untreated mice, at embryonic gestation day 14.5 (E14.5) (n=3 per group). To confirm differentially methylated levels of susceptible genes, real-time quantitative PCR (qPCR) was used to correlate expression of differentially methylated genes related to CP. Results: We identified 196 differentially methylated genes, including 17,298 differentially methylated CCGG sites between ATRA-treated vs. untreated embryonic mouse palatal tissues (P<0.05, log 2 FC>1). The CP-related genes Fgf16 (P=0.008, log 2 FC=1.13) and Tbx22 (P=0.011, log 2 FC=1.64,) were hypermethylated.
Introduction
Cleft palate (CP) is a congenital birth defect caused by both environmental and genetic factors. 1 It is universally acknowledged that palatal fusion is the most crucial process in the palate formation. In a mouse, palatal shelves appose at the midline and palatal fusion occurs at E 14.5, and an imbalance of embryonic palatal mesenchyme cell proliferation and apoptosis might result in CP. 2 Previous studies have demonstrated that Fgf16 and Tbx22 participate in murine palate development. 3 However, the role of Fgf16 and Tbx22 during palatal fusion is still unknown.
DNA methylation is an important epigenetic modification and plays a crucial role in many biological processes, such as embryogenesis, cellular differentiation, X-chromosome inactivation, genomic imprinting and transcriptional silencing. 4 Methylation patterns of specific genes have been found to undergo dynamic changes in embryonic development and contribute to tissue-specific gene expression. 5 The DNA methylation pattern of a mouse undergoes dynamic and widespread alterations during palatogenesis, and failing to establish correct methylation patterns can result in CP, 6 which suggests that CP-susceptible genes (e.g. Fgf16 and Tbx22) in embryonic mice provide new clues to epigenetic markers involved in CP. Nevertheless, details on the methylation patterns of CP-susceptible genes during palatal fusion are very limited, and the methylation pattern of Fgf16 and Tbx22 underlying palate development and its contribution to CP is still unclear.
To explore the potential involvement of DNA methylation in regulating palatal fusion, we previously established a CP model in which pregnant C57BL/6J mice are treated with all-trans retinoic acid (ATRA) to introduce CP in the embryos. 7 ATRA is a vitamin A metabolite and functions to support normal pattern formation during embryogenesis. Abnormally high concentrations of ATRA may affect palatogenesis by interfering in medial edge epithelia (MEE) cell differentiation and apoptosis, including inhibition of mesenchymal proliferation and signaling growth factors (transforming growth factor-β and platelet-derived growth factor). 8 
MethylRAD-seq analysis

Protein-protein interaction (PPI) network construction
In this study, we used the online database, The Search Tool for the Retrieval of Interacting Genes (STRING) (https://string-db.org/cgi/input.pl), to construct the PPI network of differentially methylated genes. Then the PPI network was constructed and visualized using Cytoscape 3.5.1.
Validation of susceptibility gene expression by qPCR
The same samples used for MethylRAD-seq were used for reverse transcription. Briefly, total RNA was isolated from mouse palatal shelf tissues and reverse-transcribed into cDNA using TRIzol reagent (Invitrogen Inc, Carlsbad, CA USA) and the Thermo 
Statistical analysis
The correlations of methylation levels between samples were evaluated by calculating the Pearson's correlation coefficients. Methylation level between groups and genes was assessed using R package edge R. 15 All statistical analysis of PCR-data was performed using Student's t-test to compare the means between two groups. The differential p-value (P<0.05) and fold change (log 2 FC>1) between different sites and genes were considered functionally relevant. DNA methylation in E14.5 embryonic palatal shelves from ATRA-treated vs. untreated
The results for the Pearson's correlation analysis are presented in Figure 1A . The methylation level between groups was strongly correlated (R value: 0.89-0.99).
In this study, we generated a total of 196 differentially methylated genes, including 118 hypermethylated genes and 78 hypomethylated genes between ATRA-treated vs. control embryonic mouse palatal tissues. Among the differentially methylated genes, 17,298 differentially methylated CCGG sites were identified, and most of the sites were concentrated in intergenic and intron regions, with a relatively small portion of methylation sites being allocated to other functional components of the genome ( Figure   1B ). Hierarchical cluster analysis on differentially methylated genes showed the methylation level of genes among ATRA-treated was higher than that in the control. Hypomethylated genes were clustered near the bottom, whereas hypermethylated genes were clustered near the top ( Figure 1C ). Figure 2 and further identified that the following GO analysis were significantly associated with palatal fusion, including biological process for the "regulation of Figure 3 and further KEGG pathway analysis identification indicated that the following pathways were significantly associated with palatal fusion, including "Calcium signaling pathway", "Focal adhesion", "Adherens junction", "Hippo signaling pathway", and "Notch signaling pathway". To further study the correlation between DNA methylation of susceptibility genes and CP during palatal fusion, using the MethylRAD-seq data, we screened for genes that fulfilled the following conditions: i) CP-related genes show differential methylation at site that must be met;
GO and KEGG enrichment analysis
ii) the trend of change of methylation at methylated sites must correspond to the gene methylation level;
iii) enrichment for a CP-related signaling pathway. Only Fgf16 and Tbx22 met the requirements above. We further analyzed and identified GO and KEGG analysis for Fgf16 and Tbx22. For Fgf16, GO analysis for the biological process category showed enrichment for "fibroblast growth factor receptor signaling pathway," and molecular function showed enrichment of the terms "fibroblast growth factor receptor binding." KEGG pathway analysis for Fgf16 showed the "MAPK signaling pathway". GO in the molecular function category for Tbx22 only showed enrichment for "transcription factor activity, sequence-specific DNA binding" (P<0.05).
Identifying differentially methylated levels from site to gene in ATRA-treated vs. untreated 
PPI network analysis
The STRING database was used to construct a PPI network for the differentially methylated genes, including 118 hypermethylated genes and 78 hypomethylated genes. Fgf16 and Tbx22 were located at the edge of PPI network. Fgf16 associated with two hub genes Cetn2 and Uprt.
The qPCR validation of methylated Fgf16 and Tbx22
According to the MethylRAD-seq results showing increased methylation in the Fgf16 and Tbx22 genes, qPCR for Fgf16 and Tbx22 were performed to Tbx22 encodes a T box-containing transcription factor that is mutated in families with X-linked cleft palate. 30 As a transcription factor, Tbx22 is expressed specifically in palatal shelf tissues related to palatogenesis, and has been confirmed as a major genetic influence in normal palate development. 31 Tbx22 expression disappears just prior to palatal shelf fusion and is now thought to be required for mesenchyme proliferation and shelf elevation. 32
Sequence-specific DNA-binding transcription factors control gene expression programs in response to developmental or environmental cues. 33 In our current study, we found that the differentially methylated CCGG sites in the Tbx22 5' UTR, 3' UTR and exon are hyper-methylated in the developing palate of CP mice. are located on the same chromosome, 34 but Gene MANIA cannot find Fgf16 and Tbx22 to share function with it based on their interactions with it. 35 In this study, we use three criteria to demonstrate the relationship between Fgf16 and Tbx22 epigenetics in palatogenesis following ATRA-induced cleft palate formation: 1) identification of differential DNA methylation levels from site to gene of susceptible genes, 2) identification of changes in gene expression, and 3) identification of changes in gene expression related to cleft palate vs. DNA methylation level. However, our current study is preliminary and much more investigation is needed to disclose the relationship between gene alterations and cleft palate formation. Our sample size is relatively small and palatal shelves were directly obtained from embryonic mouse tissues that could be mixed with other tissues. In addition, ATRA is a metabolite of vitamin A and functions to support normal pattern formation during embryogenesis, cellular differentiation and proliferation. 36 ATRA affects global and gene-specific DNA methylation and increased expression of suppressor of variegation 3-9 homolog 2 (SUV39H2) that induces the inhibitory mark trimethylation of histone 3 lysine 9 (H3K9me3). 37, 38 Several studies have confirmed that ATRA induces cell 
Conclusion
In summary, our results suggest that methylation of CP-susceptible genes (Fgf16 and Tbx22) is associated with gene expression, and might be responsible for developmental failure of palatal fusion, eventually resulting in the formation of CP.
